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I n t roduc t i on  

u t i l i z e  t h e  reverse Deacon Reaction t o  l i b e r a t e  oxygen from water. 
t h e  process i s  devoted t o  l i b e r a t i n g  the  hydrogen and regenerat ing c h l o r i n e  and o the r  
reagents. 

A number o f  Thermochemical water s p l i t t i n g  processes have been proposed which 
The balance Of 

The reverse Deacon reac t i on  i s  a h igh  temperature gas phase reac t ion .  

H20 + C l z  + 2HCl + 15 02 

The thermochemical data f o r  t h i s  reac t i on  are  q u i t e  we l l  documented and the  free 
energy change i s  zero a t  about 860K. 
a t  900 t o  1200K w i t h  an excess o f  water t o  minimize the  recyc le  o f  ch lo r i ne .  

magnesium compounds. 

Proposals genera l l y  suggest running the  reac t ion  

An a l te rna te  process f o r  l i b e r a t i n g  oxygen i s  the  p a i r  o f  reac t ions  i nvo l v ing  

These reac t ions  were proposed by Wentorf and Hanneman (1) o f  General E l e c t r i c  as p a r t  
of one o f  t h e i r  cycles. Note t h a t  t he  sum o f  these two reac t ions  i s  t h e  reverse Dea- 
con reac t ion .  Ac tua l l y ,  these reac t ions  a re  w r i t t e n  as a condensed representa t ion  of 
t he  ne t  e f f e c t  o f  several  reac t ions .  The f i r s t  react ion,  as proposed a t  G. E., i s  run 
i n  aqueous s o l u t i o n  and requ i res  a c a t a l y s t  t o  decompose an in te rmed ia te  hypochlor i te.  
Under t h e  proper cond i t ions  near l y  pure oxygen i s  evolved from the  s o l u t i o n  SO t h a t  
gas phase separat ion i s  minimized. 

The second reac t i on  i n  t h i s  p a i r  i s  a high temperature sol id-gas reac t i on  which 
has been used commercially t o  produce MgO. One process which has been discussed i n  
the  l i t e r a t u r e  (2 )  uses a spray tower f o r  countercurrent con tac t  o f  combustion products 
and water w i t h  MgC12'. However, oxygen w i l l  r eac t  w i th  H C l  t o  regenerate ch lo r i ne ,  so 
the  oxygen concentrat ion i n  the  combustion products must be minimized i f  HC1 i s  the  
desired product. 

A v a r i a n t  o f  t h i s  process i s  t he  use o f  both MgO and MgC12 i n  t h e  s o l i d  phase as: 

MgO + C12722K MgC12 + 

MgC12 + H2081QK MgO + 2HC1 

These reac t ions  have been suggested by Abraham ( 3 ) .  
reac t ions  i s  approximately zero a t  t h e  i nd i ca ted  temperatures. 
a t  298K are -37.6kJ and 96.3kJ, respec t ive ly .  

by mentioning the  reacti,ons suggested by Bowman (4):  

The f r e e  energy change f o r  these 
The heat o f  reac t i on  

The l i s t  o f  a l te rna tes  t o  the reverse Deacon reat ion:  i s  e s s e n t i a l l y  completed 

C l p  + SO, + 2H20 -+ 2HC1 + H2S04 

*Work performed f o r  t he  U.S. Energy Research and Development Admin is t ra t ion  under 
Cont rac t  NO. W-7405-eng-82. 
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The f i r s t  o f  these reac t ions  would be a low temperature reac t i on  producing concentrated 
s u l f u r i c  acid. The h igh  temperature decomposition o f  s u l f u r i c  a c i d  has been considered 
as p a r t  o f  several s u l f u r  based thermochemical cycles. 
be considered f u r t h e r  i n  t h i s  paper. 

The purpose o f  t h i s  paper i s  t o  present p re l im ina ry  k i n e t i c  data f o r  each o f  
these reac t i on  schemes and compare processing requirements. 
paths could be used i n  a thermochemical cyc le  which requ i res  the chemical e f f e c t  o f  
the  reverse  Deacon reac t i on .  The choice among the  processes depends upon the heat 
balance considerat ions,  t h e  work o f  seperat ion and how we l l  the  process can be i n t e -  
g ra ted  w i t h  t h e  r e s t  o f  t h e  cycle.  I n teg ra t i on  w i t h  a c y c l e  i s  o f  pr imary importance 
i n  heat  balance considerat ions and t h e  recovery and reuse o f  HC1 elsewhere i n  the 
cycle. That i s ,  the need f o r  a wet HC1 gas, anhydrous H C l  gas o r  aqueous s o l u t i o n  o f  
HCl  may make one reac t i on  scheme more a t t r a c t i v e  than another. Re la t i ve  reac t ion  
ra tes  and corrosion ra tes  w i l l  a lso  be important i n  terms o f  t h e i r  a f f e c t  on i nves t -  
ment and maintenance costs. 

The s u l f u r  reac t ions  w i l l  no t  
I 

Any o f  the  above reac t ion  i 

Reverse Deacon Reaction 
The thermochemical da ta  f o r  t h i s  reac t i on  have been worked ou t  and equ i l i b r i um 

compositions can be ca l cu la ted  reasonably accurately.  
been reported (5)  f o r  t h e  Mark 7 cyc le  and t h i s ,  of course, includes the reverse 
Deacon reac t ion .  The process diagram as proposed i n  t h a t  cyc le  i s  shown i n  Figure 1. 
Ch lor ine  and water  a re  f e d  t o  a reac to r  which operates a t  about 1000K. Assuming a 
s to i ch iomet r i c  feed m ix tu re  and equ i l i b r i um a t  t he  e x i t  o f  t he  reac tor ,  about 52% o f  
t he  water and ch lo r i ne  w i l l  be reacted and the  HC1 concent ra t ion  w i l l  be about 46%. 
This means about !!3 mole: o f  HC1 azeotrope w i l l  be c i r c u i a t e d  t o  t h e  absorber f o r  each 
mole o f  ch lo r i ne  reacted. The absorber product w i l l  then be above the  azeotrope com- 
p o s i t i o n  and d r y  HC1 can be taken from the  t o p  of t h e  d i s t i l l a t i o n  coumn. The absor- 
be r  o f fgas  i s  then cooled t o  remove t h e  remaining HC1 and H20 and the  oxygen and ch lo -  
r i n e  a r e  f u r t h e r  cooled and compressed t o  separate l i q u i d  ch lo r ine .  
compression work could be avoided by p r e f e r e n t i a l  absorp t ion  o f  ch lo r i ne  i n  an appro- 
p r i a t e  solvent. 

be fed. 
and water, the bes t  means f o r  r e c y c l i n g  the water w i l l  vary. 
could be recyc led  from the  absorber o f fgas  condenser. 
l a t i o n  of an azeotrope breaker column i n  the azeotrope recyc le  stream. Su l fu r i c  a c i d  
i s  f requent ly  used t o  d r y  an HC1-H 0 azeotrope. 
Deacon process w i t h  a l t e r n a t e  procgsses, the recovery o f  t he  water and the  source and 
Composition o f  t he  HC1 stream t o  be used i n  the  thermochemical cyc le  are n o t  primary 
considerat ion.  
heav i l y  on the recovery and recyc le  o f  water s ince  most processes w i l l  have s i m i l a r  
needs. 

Scattered 
l i t e r a t u r e  r e s u l t s  i n d i c a t e  t h a t  the  uncatalyzed r a t e  of reac t i on  i s  q u i t e  slow. 
Cata lys ts  fo r  t he  Deacon reac t ion ,  t he  reverse o f  the  reac t i on  used here, have been 
developed b u t  they  are  too  v o l a t i l e  f o r  the p ro jec ted  opera t ing  temperature. A 
pa ten t  assigned t o  A i r  Reduction Co. (6) suggests us ing  r a r e  ea r th  ch lo r i des  which 
would seem t o  be  reasonable Russian workers ( 7 )  have used mixtures o f  MgO, MgCl 
and CaO as ca ta lys ts ,  b u t  v o l a t i l i t y  may a lso  be a problem w i t h  these compounds. 
None of these workers have presented reac t i on  r a t e  data. 
whether a c a t a l y s t  w i l l  be requ i red  a t  t he  proposed opera t ing  temperature of 1000K. 

Simple once-through system was assembled as a p lug  f l o w  reac tor .  The ch lo r i ne  and 
Steam feed streams were preheated and passed through a mix ing  zone p r i o r  t o  en ter ing  

Process heat balances have 
i 

The oxygen-chlorine 

One process has suggested s u l f u r  monochloride as a so lvent  (6) .  

This process diagram has no p rov i s ion  f o r  recover ing t h e  excess water which must I1 
Since each thermochemical cyc le  w i l l  have somewhat d i f f e r e n t  needs f o r  HC1 

Obviously, some water 
The o the r  p o s s i b i l i t y  i s  i n s t a l -  

For purposes o f  comparing the  reverse 

That i s ,  comparison o f  the  oxygen l i b e r a t i n g  processes w i l l  no t  depend 

The k i n e t i c s  o f  thAs reac t i on  have received very  l i t t l e  a t ten t ion .  

Therefore, i t  i s  no t  known 

To ob ta in  p re l im inary  reac t i on  r a t e  data on the  reverse Deacon reac t ion ,  a 

1 



the  reac tor .  The reac to r  temperature was maintained by a c lamshel l  furnace c o n t r o l l e d  
t o  Q0c. The reac tor  was constructed o f  6mm IO Vycor tub ing  about 150cm long. The 
reac tor  Was Constructed i n  f i v e  hor izon ta l  passes through the  3Ucm furnace. This con- 
s t r u c t i o n  was necessary t o  p rov ide  an adequate v e l o c i t y  i n  the  reac to r  wh i l e  ob ta in ing  
su f f i c i en t  residence t ime t o  g i ve  10 t o  20% conversion. The progress o f  t he  reac t i on  
was monitored by condensing H20 and HC1 i n  a water scrubber, reac t i ng  excess C l z  i n  a 
K I  so lu t i on  and f i n a l l y  c o l l e c t i n g  the  O2 i n  an i nve r ted  graduated cy l i nde r .  
ch lo r i ne  and water flow ra tes  were var ied  i n  each run  so t h a t  the residence t i m e  i n  
the  reac tor  va r ied  between 2.5 and 6.5 seconds w h i l e  t h e  r a t i o  o f  water t o  ch lo r i ne  
feed concentrat ion va r ied  between 0.5 and 2.0. 

950K. The r e s u l t s  are given i n  Table 1. These data were analyzed by assuming a 
r a t e  equation and apply ing the  p lug  f l ow  reac to r  model. 

The 

The experiments were run  a t  atmospheric pressure and two temperatures, 900K and 

The general r a t e  equat ion 

r = klIC121a{H20?b - k2{HC11C{021d 

was used where the  brackets i n d i c a t e  concentrat ions i n  moles per  l i t e r .  
equ i l i b r i um conversions f o r  t h i s  reac t ion  a re  grea ter  than 40% and the  measured con- 
versions were always l e s s  than 50% o f  the  equ i l i b r i um conversion, t he  reverse reac t i on  
was considered neg l i g ib le .  A l l  i n tege r  combinations o f  a and b between 0 and 2 were 
used t o  t e s t  r a t e  models. 
12 reac t i on  r a t e  models were tested. 

Since the  

Values o f  a=+ w i t h  b=o o r ?  were a l so  t r i e d .  A t o t a l  of 

The plug f l ow  reac to r  model (see e.q., 8)  i n  the  form was used t o  t e s t  each " 

2) 

r a t e  equation. By d e f i n i n g  X as the  moles o f r ch lo r i ne  reac ted  per  mole of c h l o r i n e  
fed and accounting f o r  the  vofume chan e w i t h  ex ten t  o f  react ion,  t h e  concent ra t ion  
o f  ch lo r i ne  i s  (C12) = CA = CAo(l-XA)Z!Nt;; . Here, CAo i s  the  feed concent ra t ion  

2 N t  + X A .  
f n  g -moles / l i te r .  Using these concentrat ions i n  equat ion 1 w i t h  k =O. s u b s t i t u t i n g  
equation 1 i n t o  equation 2 and in teg ra t i ng  r e l a t e s  the  reac to r  e x i ?  conversion, XAf, 
t o  the  residence time T and the  molar water t o  c h l o r i r e  feed r a t i o ,  N. 

equation 1. The r e s u l t  i n  t h i s  case i s  
The model which appears t o  g ive  the bes t  f i t  r e s u l t s  from us ing  a=1, b=o i n  

A p l o t  o f  the  r i g h t  hand s ide  o f  equation 3 versus T w i l l  g i ve  a s t r a i g h t  l i n e  o f  
slope k i f  the  co r rec t  r a t e  equat ion has been chosen, A p l o t  o f  equat ion 3 i s  
shown i h  F i  ure 2 f o r  both the  900 and 950K experiments. The values o f  k l ,  a re  
Q.032 set.-! a t  900K and .051 sec-! a t  950K. Assuming on Arehnius re la t i onsh ip ,  
kfAe-E/RT, gives A=224 sec-1 and E=66.2 kJ. 

the  o the r  ra tes  expressions aeproximated a l i n e a r  re la t i onsh ip .  
case o f  a=2, b=l  o r  r=k  ( C l  ) (H 0) 4). Figure 3 shows the  r e s u l t s  f o r  equat ion  4 
when p l o t t e d  i n  the  manger $orrestonding t o  equation 3. 
3 y i e l d  the  constants k2=880 g mole/!?.)-2 sec-1 a t  900K,k2=1762 (g-mole/e)-2sec-1 a t  
%OK, E=971. kJ and A=3.82X106.- 

than the  one i n  Figure 3, p a r t i c u l a r l y  a t  950K. Th is  model i s  a l s o  eas ie r  t o  j u s t i f y  
mechan is t i ca l l y  i n  t h a t  i t  imp l ies  t h a t  t he  reac t i on  which forms c h l o r i n e  r a d i c a l s  i s  

A l l  12 r a t e  expressions were s i m i l a r l y  analyzed. With one exception, none of  
The except ion i s  the 

The s t r a i g h t  l i n e s  i n  F'gure 

The model shown i n  Figure 2 appears t o  g i ve  a s l i g h t l y  b e t t e r  f i t  o f  the da ta  
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I '  
58 r a t e  c o n t r o l l i n g .  The s l i g h t l y  g rea te r  d ispers ion  o f  the  data a t  950K might suggest 

t h a t  t he  format ion o f  c h l o r i n e  r a d i c a l s  i s  n o t  t he  on ly  r a t e  l im i ' t a t i on  a t  t h e  higher 
temperature. 
t h e  range of cond i t ions  under which they were determined. 

increase the  reac t i on  r a t e  ?decrease the residence t ime)  i n  a commercial sca le  reac tor  
opera t ing  a t  900 t o  950K. I n  t h a t  case, coo l i ng  o f  t h e  reac to r  products would probabl> 
be r a p i d  enough t o  avoid a s i g n i f i c a n t  amount o f  reverse reac t ion .  If the  reac t ion  tem- 
pera ture  i s  ra ised  t o  1100K, a c a t a l y s t  may no t  be necessary bu t  the i n i t i a l  coo l ing  
would need t o  be very r a p i d  t o  avo id  the  reverse reac t ion .  
t o  c l a r i f y  t h i s  po in t .  

Mg(OH)2 - MgC12 Reactions 

were w r i t t e n  as 

I n  any event i t  seems obvious t h a t  these data should be used o n l y  i n  

The residence t ime r e  u i r e d  here suggests t h a t  a c a t a l y s t  would be j u s t i f i e d  t o  

Fur ther  data are requ i red  

The magnesium reac t i ons  proposed by Wentorf and Hanneman (1 )  o f  General E l e c t r i c  

Mg(OH)2 + C12 + Mg.C1 + H20 + 1102 
Mg C12 + H20 + Mg (OHf2 + 2HC1 

Although they recognized t h a t  these reac t ions  were no t  t he  reac t ions  t h a t  a c t u a l l y  
occurred, they d i d  no t  i n d i c a t e  a l l  t he  po ten t i a l  d i f f i c u l t i e s .  
b u t  s t i l l  incomplete, r e a c t i o n  sequence can be w r i t t e n  as 

A more i nd i ca t i ve ,  

A l l  o f  these reac t ions  occur q u i t e  read i l y .  
mediate hypoch lor i te  which must be decomposed c a t a l y t i c a l l y .  
ch lo r i de ,  f o r  example, produces a f i n e l y  d i v ided  coba l t  oxide which permits t h e  
hypoch lo r i t e  decomposition t o  proceed very r a p i d l y  (9).  
n o t  occur i n  a concentrated MgCl 
d i l u t e  s o l u t i o n  and the  excess w h e r  must then be evaporated t o  c r y s t a l l i z e  
MgC12'6 H20 i n  reac t i on  3 .  This  evaporat ion adds s u b s t a n t i a l l y  t o  the  already excessive 
heat  load  f o r  the process. The c r y s t a l l i z a t i o n  process w i l l  a l s o  remove the  c a t a l y s t  
from s o l u t i o n  and the  c a t a l y s t  would then pass through reac t i on  4. However, when the  
coba l t  ox ide  c a t a l y s t  i s  removed from s o l u t i o n  and d r i e d  i t  becomes a l ess  e f f e c t i v e  
ca ta l ys t .  Some c a t a l y s t  regenera t ion  procedure would probably be requ i red  t o  provide 
f i n e l y  d i v ided  p a r t i c l e s  aga in  f o r  reac t i on  2. 

from s o l u t i o n  and the  excessive heat  requ i red  t o  decompose the hexahydrate t o  MgO 
are  each ser ious de t r iments  t o  t h i s  process and c o l l e c t i v e l y ,  preclude f u r t h e r  consi- 
de ra t i on  o f  t h i s  process as an  a l t e r n a t e  t o  the reverse Deacon reac t ion .  

Mg0-MgC12 Reactions 

running sol id-gas reac t ions  w r i t t e n  as 

The second reac t i on  produces an i n t e r -  
The add i t i on  o f  coba l t  

However, t h i s  reac t i on  w i l l  
so lu t ion .  Therefore, reac t i on  2 must be run  i n  a 

The c a t a l y s t  hand l ing  problems, t h e  concent ra t ion  and c r y s t a l l i z a t i o n  of MgC12 

The c a t a l y s t  and dehydra t ion  problems o f  t h e  above reac t ions  can be avoided by 

MgO (SI + C12(g) 

Mg Cl,(S) + H20(g) 

7z0K Mg C12(s) + L,02(g) 

8ioK MgO ( s )  + 2HC1 (9)  

 AH^^^ = -37.6RJ 

 AH^^^ = 96.3RJ 

f 
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magnesium compounds on a porous surface and a l t e r n a t e l y  passing steam and ch lo r i ne  
over the  bed. The use o f  two beds i n  much t h e  same way as i o n  exchange res ins  a re  
used would Provide a semi-continuous process. The data p resent ly  ava i l ab le  ind ica tes  
t h a t  no o the r  process us ing  the  magnesium reac t ions  i s  an a l t e r n a t i v e  t o  the  reverse 
Deacon react ion.  

Conclusions 

o r  h igher )  o r  a ca ta l ys t  t o  ob ta in  s a t i s f a c t o r y  reac t i on  rates.  
i s  used, t h e  reverse reac t i on  i s  l i k e l y  t o  occur as the  products a re  cooled. The 
reverse reac t i on  could be minimized by very  r a p i d  coo l i ng  bu t  t h i s  would i ncu r  i r r e v e r -  
s i b l e  heat losses i n  a d d i t i o n  t o  the  heat requ i red  t o  d r i v e  the  reac t ion .  The work 
of separat ion and recyc le  i s  a lso  very l a r g e  f o r  t h i s  react ion.  

of magnesium ch lo r i de  i nd i ca tes  t h a t  both these reac t ions  must be run  as s o l i d  gas 
reac t ions .  I n  add i t ion ,  they must be run i n  such a way t h a t  d i f f u s i o n a l  l i m i t a t i o n s  
t o  t h e  reac t i on  r a t e  a re  avoided. 
l ead  t o  a good a l te rna te  t o  t h e  reverse Deacon reac t ion .  

The reverse Deacon reac t i on  i s  shown t o  requ i re  very  h igh  temperatures (1100K 
I f  a h igh  temperature 

Pre l im inary  experimental work on t h e  c h l o r i n a t i o n  o f  magnesia and the  hyd ro l ys i s  

Successful demonstration o f  such a process may 

I 
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Run 
Number 

A 1  
A 2  
A 3  
A 4  
A 5  
A 6  
A 7  
A 8  
A 9  
A 10 
A 11 
A 12 
A 13 
A 14 
A 15 
A 16 
A 17 
A 18 
A 19 
A 20 
A 21 
A 22 
A 23 
A 24 
A 25 
A 26 
A 27 
A 28 
B 1  
B 2  
B 3  
B 4  
B 5  
B 6  
B 7  
B 8  
B 9  
B 10 
B 11 
B 12 
B 13 
B 14 
B 15 
B 16 
B 17 
B 18 
8 19 
B 20 

Feed Rate* 
(c. c. /mi  n) 

847 
725 
847 
725 
550 
61 1 
550 
61 1 
780 
658 
780 
658 
463 
495 
532 
574 
636 
550 
471 
503 
539 
582 
643 
31 3 
345 
382 
424 
486 
332 
364 
403 

51 3 
398 
430 
469 
514 
579 
441 
474 
51 2 
558 
622 
479 
51 2 
550 
596 
660 
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Table 1 
Experimental Results 

(CI 1 x 1 0 ~  (H,o)x~o~ 
(g-$ioles/l I (g-moles/l I 

5.823 
4.523 
5.823 
4.523 
6.559 
7.258 
6.559 
7.258 
6.327 
4.987 
6.327 
4.987 
4.523 
5.108 
5.691 
6.276 
6.976 
5.958 
4.450 
5.030 
5.610 
6.193 
6.893 
6.695 
7.333 
7.931 
8.498 
9.135 
6.365 
6.938 
7.505 
8.043 
9.127 
5.317 
5.882 
6.457 
7.018 

4.792 
5.341 
5.908 
6.470 
7.132 
4.412 
4.944 
5.500 
6.058 
6.721 

7.668 

*A-Group are based on 900°K 
8-Group a re  based on 950°K 

7.727 
9.027 
7.727 
9.027 
6.991 
6.292 
6.991 
6.292 
7.223 
8.563 
7.223 
8.563 
9.028 
8.442 
7.859 
7.274 
6.574 
7.592 
9.102 
8.520 
7.941 
7.357 
6.657 
6.855 
6.217 
5.619 
5.052 
4.415 
6.472 
5.898 
5.332 
4.794 
4.423 
7.520 
6.955 
6.380 
5.819 
5.169 
8.044 
7.496 
6.928 
6.366 
5.705 
8.424 
7.892 
7 ..336 
6.779 
6.116 

N 

1.327 
1.996 
1.327 
1.996 
1.066 
0.867 
1.066 
0.867 
1.141 
1.717 
1.141 
1.717 
1.996 
1.653 
1.381 
1.159 
0.942 
1.274 
2.046 
1.694 
1.416 
1.188 
0.966 
1.024 

0.708 
0.594 
0.483 
1.017 
0.850 
0.710 
0.596 
0.485 
1.414 
1.182 
0.988 
0.829 
0.674 
1.678 
1.403 
1.173 
0.984 
0.800 
1 .go9 
1.596 
1.334 
1.119 
0.910 

0. a48 

61 

T Conversion 
(Sec.1 (%I 
2.41 
2.81 
2.41 
2.81 
3.71 
3.34 
3.71 
3.34 
2.62 
3.10 
2.62 
3.10 
4.41 
4.12 
3.84 
3.55 
3.21 
3.71 
4.33 
4.06 
3.78 
3.50 
3.17 
6.52 
5.92 
5.35 
4.81 
4.20 
6.14 
5.60 
5.06 
4.55 
3.98 
5.13 
4.74 
4.35 
3.97 
3.52 
4.62 
4.31 
3.98 
3.66 
3.28 
4.26 
3.99 
3.71 
3.42 
3.09 

6.91 
7.88 
6.91 
7.06 
9.24 
8.16 
9.24 
8.20 
8.34 

10.77 
8.31 

10.59 
13.82 
14.29 
14.13 
13.60 
12.06 
13.62 
9.48 

11.87 
11.20 
12.38 
10.81 
17.50 
16.90 
14.76 
13.46 
12.12 
21.96 

24.00 
23.15 
21.1 5 
19.61 
20.33 
20.55 
20.23 
17.94 
18.69 
20.22 
18.54 
17.24 
15.64 
19.87 
19.89 
19.27 
18.54 
16.14 

23.28 
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